Abstract-We measured in situ the radiation-induced absorption of pure silica core fibers exposed to a fission nuclear reactor. We observed the growth of the 1.39-m OH vibration band in polymer coated fiber. Three mechanisms are responsible for this effect: recoil protons, hydrogen diffusion, and a probable compaction effect. Based on this experiment, a fiber-optic neutron monitor prototype is proposed.
I. INTRODUCTION
A MONG the wide range of application of silicon dioxide, the optical waveguide property of the silica fiber is of interest because of the data multiplexing and sensing capabilities. This particularity explains why optical fibers are widely studied under radiation. Most of the studies deal with radiation effects at low as well as moderate accumulated dose (see references in [1] and [2] ). Fewer publications are available concerning high gamma dose and neutron fluence [3] - [8] . However, sensing capability and data transmission could be also conceived under intense radiation field, e.g., inside a fission reactor. Moreover, the optical diagnostic system of future fusion reactors must operate in high temperature and a severe radiation environment. The use of optical fibers is expected to significantly simplify the design of such a system [9] .
In this paper, we report the radiation-induced absorption measurements of pure silica optical fibers irradiated in the material testing fission reactor BR2 (Mol, Belgium). In the infrared wavelength window, the experiences clearly evidenced a neutron-induced growth of the 1.39-m OH vibration band in polymer coated fiber. The origin of this phenomenon is discussed in Section IV. To conclude, a neutron sensing system prototype is proposed based on a differential measurement method.
II. BACKGROUND
Unlike gamma radiation, neutrons above the threshold displacement energy may potentially displace the oxygen and silicon atoms. Generally speaking, the net effect of neutrons on the change of optical absorption is believed to be negligible at low fluence, although this observation is still uncertain, especially because of the difficulty to separate experimentally the gamma field from the neutron bombardment. As soon as the fluence reaches a significant value, the displaced atoms will affect the microstructure of the material and in turn the optical properties. Probably, the most complete studies of neutron-irradiated silica have been achieved in [10] . A comprehensive and more recent review is also available in [11] . When subject to neutron or particle bombardment, amorphous silica, as well as its crystalline counterpart, gradually transforms into a different amorphous state, known as the metamict phase. This phase results from a radiation-induced loss of the long-range translational periodicity and orientational order (loss of topological order) [12] . The exact nature of this amorphous phase is still debated but has its origin in the change of the tetrahedral geometry and the ring-size arrangement distribution. Under fast neutron irradiation, quartz undergoes a swelling characterized by a decrease of its density up to 14%. On the other hand, amorphous irradiated silica shows the reversed process, the so-called compaction with a density increase up to about 4%. In the case of compaction, the refractive index of the material must increase according to the Lorentz-Lorentz law. This has been experimentally observed [13] . Fig. 1 shows the change of refractive index in neutron amorphous irradiated silica and the corresponding compaction effect.
The Kramers-Kronig relationship indicates that a change in absorption should be related to a refractive index change [14] . In Section IV, we tentatively attribute the change in absorption observed in the infrared windows to a neutron-induced compaction effect. Another possibility could be the activation of Si, which can transmute into P. This element has an associated absorption band around 1600 nm, called the P1-center, which is quite radiation-sensitive [15] - [17] . The production of P is estimated to be less than 0.1 ppm after 100 h of irradiation with a thermal neutron flux of 10 n/cm s. This effect is therefore thought to be negligible.
III. EXPERIMENTAL DETAILS

A. Irradiated Targets
As they are known to be radiation-resistant, we selected three fluorine-doped silica clad optical fibers with pure silica core material. The core fibers contain different amounts of chloride and hydroxyl group. Except for fiber (c), which is aluminum-coated, all fibers are acrylate-jacketed. The fiber dimension and composition are gathered in Table I . Fiber (a) is the Heraeus Suprasil F300 silica material. Fibers (b) and (c) are drawn from a KS4V synthetic silica preform, which is characterized by an extremely low concentration of impurities [18] . They were fabricated at the Fiber Optic Research Center in Moscow.
B. Methodology and Experimental Setup
During the irradiation, we recorded on-line the transmitted light in the spectral region from 400 to 1700 nm based on the measurement scheme given in Fig. 2 . In the present experiments, the total optical path is almost 36 m long, where only 1.6 m of the "irradiated fiber" is exposed to the intense mixed gamma-neutron field. As indicated in Fig. 2 , a short length of an "irradiated reference" fiber, identical to the "irradiated fiber," is irradiated in the same conditions. This procedure minimizes the error on the determination of the irradiated length and compensates for the nonuniform irradiation profile as well [7] .
The radiation-induced absorption (RIA) is dependent on time ( ) and wavelength ( ). It is calculated from the transmitted optical power in the "irradiated fiber" ( ) and "irradiated reference" fiber ( ), respectively, as follows:
The superscript "0" refers to values before irradiation. ( m) and ( m) designate the irradiated lengths of the tested and reference fibers, respectively.
The experimental setup is designed to sequentially monitor the sample fiber and the reference. The optical fibers are illuminated by means of a halogen-tungsten source only during the measurement period. Due to the time delay to record one spectrum (40 s) and the uncertainty in the irradiated length, an error on the determination of the RIA is introduced and is maximum at the beginning of the irradiation when the optical attenuation growths quickly. An error analysis leads to an estimated error of 20.5% at the beginning and rapidly decreases to about 5-8%.
To insure a safe handling during the loading of the experiment in the reactor channel, the optical fibers were inserted into a stainless-steel tubes of 1.6 mm diameter. The tubes were wound on an aluminum rod of 25 mm diameter. 
C. Irradiation Conditions
The neutron flux is measured by means of activation detector foils fixed at the irradiation position. The gamma heating is based on a calibrated thermometry measurement.
Two experiments (designated as Exp I and Exp II) were carried out at a similar temperature of 50 C after an interval of about six months. In the first experiment, the gamma dose rate and the total neutron flux were about 5.6 MGy/h and 9.29 10 n/cm s, respectively. In the second experiment, the gamma dose rate was 7.3 MGy/h and the total neutron flux above 1. 17 19 n/cm s. More details on the irradiation conditions are given in Table II. 
IV. RESULTS AND INTERPRETATION
In the infrared windows, the most observable effect is the growth of the 1.39-m OH vibration band. In Fig. 3 , we clearly observe the corresponding effect in the KS4V polymer-coated fiber except in the aluminum fiber. This results underlies the influence of the coating on the RIA response. This effect was already reported and quantified elsewhere [19] . Neutron knock-on produces recoil protons from the polymer coating and contributes to increase the amount of OH contained in the optical fiber. Atomic displacement due to energetic gamma is theoretically possible but has a very low probability and can be neglected in first approximation. Actually, a more careful analysis of the data reveals that two other contributions are responsible for the neutron-induced growth of the OH vibration band (NIGOH): the diffusion of hydrogen and the compaction effect. Fig. 4 shows the kinetic evolution of the RIA at 1.39 m during the first experiment, where two successive irradiations were carried out. When the fibers are removed from the reactor, the RIA continues to increase except in the aluminum-coated fiber. The FIA 140 is characterized by a thick cladding layer (about 20 m instead of 10 m for the KS4V fibers). We note that the RIA reincreases only several hours later than in the KS4V fiber. This effect correlates well with the hydrogen diffusion mechanism: the hydrogen diffuses from the coating through the cladding and reaches the core/cladding interface. The diffusion coefficient and the activation energy of irradiated silica published in the literature are rather uncertain. It is therefore difficult to accurately estimate the diffusion length. From the data reported in [20] , we calculated an rms diffusion length between 6.5 and 30 m after 10 h. These values fall within the range of the cladding thickness.
A. Hydrogen Diffusion Mechanism
B. General Background Increase of the NIR Absorption
The recoil effect and hydrogen diffusion mechanism do not explain the apparent increase of the RIA at 1.39 m in aluminum-coated fiber, although the magnitude of the effect is weaker than in the other fibers. The answer could find its origin in the compaction effect (see Section II).
Figs. 5-7 compare the radiation-induced absorption kinetic of the three fibers at 1.2 and 1.6 m during the first experiment, referred to as Exp I in Table II . The remarkable feature of these three graphs is their striking likeness: in all types of fiber, the RIA significantly increases in a similar fashion when we move toward the infrared region. In Fig. 8 , we can compare the likeness (except at 1.39 m) of the three fibers spectrally at the end of the first experiment. The main OH vibration band is located at 2.7 m but unfortunately cannot be observed in our data. However, the similar RIA could not be attributed to NIGOH because there is no evidence of such "OH effect" in aluminum fiber. Since the P production is weak, the dominant mechanism is likely to be a compaction effect, although further microstructure and chemical analysis are necessary to confirm this hypothesis.
For further evidence of the compaction effect, we carried out a second irradiation, six months later, in order to add significant damage to the targets. As shown in Fig. 9 , the increase of absorption with a linear trend is again well observed following a saturation behavior. Although the radiation response is this time no more identical in all fibers, the apparent linear trend of the RIA growth occurs at an equivalent order of magnitude of neutron fluence, where the refractive index of neutron-irradiated amorphous silica also evolves linearly (see beginning of the curve in Fig. 1 ). 
V. PROPOSED FIBER-OPTIC NEUTRON MONITOR
The previous analysis and the understanding of the degradation mechanism of the optical absorption in the infrared window allow us to propose a fiber-optic neutron system prototype based on the monitoring of the NIGOH effect. The measurement scheme shown in Fig. 10 only requires a cheap light-emitting diode tuned at 1.39 m and the corresponding receiver. The NIGOH is measured simultaneously in both polymer and nonpolymer coated fibers.
To operate the fiber-optic neutron sensor, two approaches can be envisaged to determine the calibration factor. Either it is calibrated experimentally with respect to different irradiation conditions or it is calculated through the estimation of recoil proton and neutron transport calculation. The second approach is more elegant and has the advantage of considerably reducing the number of experiments. But only the recoil proton effect can be computer simulated. Therefore, to remove the compaction contribution, we need to irradiate simultaneously a polymer and nonpolymer coated fiber. The difference of the RIA at 1.39 m yields to the contribution of the hydrogen diffusion and recoil protons (see Fig. 11 ). Table II , Exp II). Unfortunately, the hydrogen diffusion contribution can only be removed a posteriori, i.e., when the evolution of the OH vibration band without irradiation is known. However, in the first approximation, the hydrogen diffusion is negligible when the irradiation is relatively long. In that case, the major contribution corresponds to the recoil proton effect.
The efficiency of the detector can be adapted by varying the irradiated fiber length, the core/cladding diameter ratio, and the polymer layer thickness. In the present case, only 1.5 m gave a good signal-to-noise ratio because the neutron flux was rela- tively high. For low-flux irradiation conditions, a longer length may be required.
To measure exclusively fast neutrons, the optical fiber may be coated with metal, e.g., Fe or Ni. Under fast neutron bombardment, the metal element can "evaporate" the incident neutron and eject one proton [(n,p) reactions]. These reactions are characterized by a threshold energy reaction cross-section ( 1 MeV).
A potential application of this fiber-optic system could be the on-line neutron monitoring of in-core fission reactor but could also lead to a distributed neutron plasma diagnostic system around the fusion reactor vessel.
VI. CONCLUSION
Three different types of fiber have been irradiated under mixed gamma-neutron fission reactor conditions and the infrared radiation-induced optical absorption has been analyzed. In particular, the major observation leads to the neutron-induced growth of the OH vibration band. From the data, we identified three mechanisms that contribute to this growth effect: the neutron-induced compaction, the hydrogen diffusion, and the recoil protons.
The latter is directly related to the neutron fluence and might be used as a sensing effect. Theoretically, the compaction contribution can be removed based on a differential measurement method of the OH vibration band in nonpolymer-coated and polymer-coated fiber. The hydrogen diffusion mechanism can only be removed a posteriori.
Additional investigations such as microstructure and chemical analysis of neutron-irradiated silica are clearly necessary to obtain a complete picture and understanding of the neutron-induced radiation effects. Based on this understanding, a fiberoptic sensor could be developed for on-line neutron monitoring.
